Time resolved imaging has been used to analyze structural transformations induced by intense 100 fs laser pulses in amorphous GeSb films. Above a threshold of 19 mJ͞cm 2 the data show the formation of a transient nonequilibrium state of the excited material within 300 fs. The results are consistent with an electronically induced, amorphous-to-crystalline phase transition. [S0031-9007(98) PACS numbers: 61.80. Ba, 61.43.Dq, 68.35.Bs, 68.35.Rh The existence of nonthermal, ultrafast phase transitions after strong femtosecond laser excitation has been demonstrated in several materials such as silicon [1] [2] [3] , gallium arsenide [3-6], indium antimonide [7] , and carbon [8] . It is accepted that such transitions are induced by a softening of the lattice structure due to the generation of a very high density electron-hole plasma, as first proposed by Van Vechten [9]. Most of the experimental and theoretical work [10] [11] [12] [13] has concentrated on the solid-to-liquid phase transformation of the above mentioned materials. Some authors [2, 11] have also claimed the existence of an ultrafast solid-to-solid phase transition preceding nonthermal melting, although there is experimental evidence [3, 7] refusing this hypothesis.
The existence of nonthermal, ultrafast phase transitions after strong femtosecond laser excitation has been demonstrated in several materials such as silicon [1] [2] [3] , gallium arsenide [3] [4] [5] [6] , indium antimonide [7] , and carbon [8] . It is accepted that such transitions are induced by a softening of the lattice structure due to the generation of a very high density electron-hole plasma, as first proposed by Van Vechten [9] . Most of the experimental and theoretical work [10] [11] [12] [13] has concentrated on the solid-to-liquid phase transformation of the above mentioned materials. Some authors [2, 11] have also claimed the existence of an ultrafast solid-to-solid phase transition preceding nonthermal melting, although there is experimental evidence [3, 7] refusing this hypothesis.
In this Letter we present a time resolved study on the dynamics of femtosecond laser induced structural transformations in amorphous GeSb. We describe experimental evidence for the subpicosecond formation of a transient phase of the material and interpret our results as first indication for an ultrafast, nonthermal amorphousto-crystalline phase transition. Sb-rich amorphous GeSb films can be crystallized upon irradiation with ultrashort laser pulses [14] and show a large optical contrast upon transformation [15] . This effect makes GeSb a promising material for the development of rewritable optical memories driven by ultrashort laser pulses [16] . Recently, it has been demonstrated [17] that the energy fluence necessary to induce crystallization in this material decreases significantly for pulses shorter than a picosecond, suggesting the relevance of electronic processes in the amorphousto-crystalline transition.
Amorphous Ge 0.06 Sb 0.94 , 50-nm-thick films were grown on glass substrates at room temperature in a multitarget dc magnetron sputtering system from pure (99.999%) Ge and Sb targets. The films were irradiated with 100 fs laser pulses at 620 nm delivered by a 10-Hz amplified colliding-pulse mode-locked (rhodamine 6G͞DODCI) dye laser. The evolution of the reflectivity of the irradiated surface was monitored with both femtosecond time and micrometer spatial resolution by means of ultrafast time-resolved microscopy [18] . A first laser pulse excites the sample. A second time-delayed probe pulse replaces the standard illumination of an optical microscope and provides snapshot pictures of the excited surface with 100 fs time resolution. The optical micrographs are recorded with the help of a charged coupled device detector in conjunction with a computer controlled frame-grabber. Since a single laser pulse induces permanent structural changes of the irradiated area the sample is moved between two consecutive exposures.
A series of pictures, covering the entire period from the initial deposition of the laser energy (pump fluence 45 mJ͞cm
2 ) to the appearance of the final structural modifications, is shown in Fig. 1 . The contrast of the images has been enhanced for reproduction purposes and thus Fig. 1 does not provide a quantitative measure of the evolution of the reflectivity. Because of the large angle between pump and probe (45 ± ), the actual delay depends on the space coordinate along the horizontal axis of the images (100 fs͞42 mm), but the delay is constant in the vertical direction (zero delay in Fig. 1 is referred to the center of the spot). Therefore, as the pump pulse sweeps across the surface from left to right, the fast subpicosecond increase in reflectivity (Dt 250 fs ) is observed first on the left side of the irradiated spot, resulting in an asymmetric reflectivity pattern. This effect becomes negligible at longer delays. In the next frame (Dt 1 ps ) the reflectivity of the whole irradiated region has increased giving rise to the appearance of an elliptical bright area without a sharply defined edge. On a tens-of-ps time scale (Dt 20 ps) a low reflectivity zone develops in the center of the spot. It subsequently disappears, leaving behind a bright ellipse with a sharply defined boundary (Dt 200 ps). The appearance of the irradiated surface area remains nearly unchanged up to approximately 1 ns (Dt 900 ps), when the reflectivity of the outermost region starts to decrease (Dt 10 ns). At even later times a different high reflectivity region begins to form (Dt 29 ns). High reflectivity in this region becomes permanent as can be seen in the last frame (Dt `), corresponding to a delay of several seconds.
Because of the Gaussian intensity distribution of the focused pump beam, different spatial locations represent the behavior of the reflectivity for different pump fluences. Any sharp boundary in the images shown in Fig. 1 therefore indicates the existence of a well-defined threshold. (17)͞3679 (4) The edge of the large ellipse with increased reflectivity observed at Dt 200 ps corresponds to a threshold fluence of 5 mJ͞cm 2 . The position of this edge coincides with the outer boundary of the final transformed region (Dt `), which can be recognized by a slight reflectivity increase compared to the initial reflectivity. The permanent high reflectivity phase seen in the same frame (bright ellipse) is observed only above 19 mJ͞cm 2 . To quantitatively follow the time evolution, we have plotted in Fig. 2 the absolute reflectivity (absolute error ഠ 0.005) as a function of delay time, as measured in three different locations (marked as A, B, and C in the frame Dt `in Fig. 1 ). Trace A represents the time dependence at maximum fluence (45 mJ͞cm 2 ). Traces B and C correspond to fluences of 20 and 12 mJ͞cm 2 , respectively, slightly above and well below the threshold for the appearance of the final high reflectivity phase. At the highest fluence (curve A) the reflectivity increases to a maximum value of 0.71 in less than a picosecond. Then it decreases slowly towards a minimum at Dt ഠ 20 ps and rises again reaching values of 0.68 and 0.69 in about 200 ps and 2 ns, respectively. The reflectivity remains then nearly constant up to about 10 ns. A second reflectivity minimum is observed at Dt ഠ 30 ns, followed by a final increase to a stationary value of 0.71. Trace B shows a similar behavior, although the first minimum is less pronounced and the period of nearly constant reflectivity (R ഠ 0.69) lasts for a shorter time. Trace C, measured outside the region of permanent high reflectivity, is characterized by an initial subpicosecond increase, which does not reach R 0.71. Instead, the reflectivity slowly rises up to 0.69 in 30 ps and stays then constant up to about 100-150 ps. Subsequently, it starts to decrease reaching a stationary level of R 0.59 after 30 ns.
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The reflectivity of the liquid and crystalline phase of Sbrich GeSb is known at 633 nm [15, 19] and nearly identical to that of pure Sb (l-Sb: R 0.67, c-Sb: R 0.71, [20] ). The reflectivity of the amorphous phase is significantly lower, R 0.57-0.58, slightly dependent on composition and state of structural relaxation [21] . Thus the observation of a nearly constant reflectivity level with R ഠ 0.69 in the ps to ns time domain for fluences above 5 mJ͞cm 2 can be attributed to melting of the material over a thickness larger than the penetration depth of the probe pulse radiation. The final reflectivity of 0.71 observed above 19 mJ͞cm 2 (traces A and B) indicates the formation of crystalline material upon solidification, while between 5 and 19 mJ͞cm 2 the resolidified material is amorphous (trace C). The slight difference between initial and final reflectivity of the amorphous is related to differences in its state of structural relaxation [21] . The nanosecond behavior of the reflectivity above the crystallization threshold F cr 19 mJ͞cm 2 is quite similar to what has been measured on GeSb films irradiated with ns and ps pulses [15, 19] . In particular the reflectivity minimum observed in the tens of ns time scale in traces A and B is related to bulk nucleation of amorphous material within the molten volume during the initial stage of solidification. The release of the solidification enthalpy reduces then the undercooling of the melt promoting further solidification in the crystalline phase, accompanied by an increase of the reflectivity. This frustrated amorphization process has been described in detail in Ref. [15] . At lower fluences (trace C) the undercooling prior to solidification is higher. This favors solidification in the amorphous phase, similar to what has been observed in elementary semiconductors [22] .
At low fluences (trace C) the fast rise of reflectivity can be ascribed to the primary excitation process, i.e., creation of a dense electron-hole plasma. After the thermalization of the carrier energy the reflectivity increases to a value of 0.69 within 30 ps, indicating thermal melting of the material [6] . Above F cr (traces A and B) the reflectivity shows an initial increase to a maximum value of 0.71 on a subpicosecond time scale, passes through a minimum (ഠ20 ps) and reaches later the value of the normal molten phase. Similar to what is known from laser molten silicon [23] , the apparently fluence dependent reduction of reflectivity might be related to temperature dependent changes of the optical constants of the liquid material.
The subpicosecond behavior of the reflectivity in traces A and B is remarkable for two reasons. The attained maximum reflectivity is (1) identical to the reflectivity of crystalline GeSb, and (2) independent on pump fluence whenever F cr is exceeded. Vertical cross sections of the time resolved snapshots from Fig. 1 confirm these conclusions. In Fig. 3 reflectivity is plotted for three representative delays (250 fs, 200 ps, and`) as a function of the distance to the center of the spot, and thus as a function of the local pump fluence. The trace for Dt s hows a plateau with a value of 0.71, corresponding to the region finally crystallized. The trace for Dt 200 ps with top reflectivity values around 0.68-0.69 (lower in the center of the spot) shows the formation of an optically thick layer of hot, liquid material, as discussed above. The flattop behavior at Dt 250 fs, clearly demonstrating the fluence independence of the reflectivity, excludes that the excited electron-hole plasma is responsible for the observed change in reflectivity, but is a clear indication of a transient phase of the material. A comparison of the reflectivity profiles for Dt 250 fs and Dt `shows that the reflectivity of the transient phase is exactly equal to that of the crystalline state. Moreover, the transient phase is observed only in the very region in the center of the excited area where (final) crystallization takes place.
Our data show that the dynamics of phase transformations in a-GeSb under fs excitation is significantly different from that observed in group IV and III-V semiconductors. For the latter a subpicosecond solid-to-liquid transition occurs and the liquid resulting from nonthermal melting exhibits the same optical properties as the equilib- rium molten phase [3, 12] . In a-GeSb the observed time scale (ഠ300 fs) also evidences a nonthermal process, but the transient phase is not the normal molten phase. Although we cannot completely rule out the existence of an intermediate, different, nonequilibrium liquid state, Fig. 3 gives strong experimental evidence for a connection between the transient phase and the crystalline state of the material.
To explain these observations we propose a scenario in which for fluences above 19 mJ͞cm 2 an electronically induced, nonthermal amorphous-to-crystalline phase transformation occurs before the material melts. Several arguments suggest that Sb-rich GeSb is a candidate for such an ultrafast solid-to-solid phase transition. (1) The structure of the crystalline phase obtained upon rapid solidification is that of pure Sb [15] . The amorphous phase originates from small distortions of the crystal, which destroy long range order, but leave the microstructure essentially unchanged. (2) In pure Sb coherent phonons can be easily generated by fs-laser excitation via the so-called displacive excitation mechanism [24] . The potential minima, which define the equilibrium structure of the lattice, are displaced in the presence of a dense electron-hole plasma. This initiates atomic relaxation towards the new quasiequilibrium configuration of the material. It is therefore possible that in the amorphous phase electronic excitation also leads to displaced potentials and thus to vibrational motion. Provided that in the amorphous phase the atoms are close to the crystalline ordered configuration, the electronically induced atomic motion might be sufficient to enable a transformation to a crystalline or, more likely, to a nanocrystalline or microquasicrystalline state [25] within a few hundred femtoseconds. Notice that in metals and semimetals a grain size in the nm range [26] is sufficient to observe the optical properties of the crystalline phase.
Some further conclusions can be drawn from Fig. 3 . Obviously the solidification behavior in the area undergoing the nonthermal phase change and in the regions irradiated at lower fluences are significantly different. In both cases an optically thick layer of liquid material is formed within 10-20 ps. Subsequently this layer becomes undercooled and solidifies. The degree of undercooling determines the structure of the solidified material (amorphous or crystalline) and depends not only on the local pump fluence but also on the initial nucleation behavior [27, 28] . The density of initial nuclei is strongly influenced by the thermal and structural history of the system [29] which therefore determines the subsequent early nucleation stage, the attainable undercooling, and the final result of the solidification process. This might explain how the material remembers the spatial region in which the subpicosecond phase transition was induced.
In conclusion, we have investigated the dynamics of femtosecond laser induced phase transformations in amorphous GeSb. We found compelling evidence for a transient phase of the excited material, which is observed for only a few hundred femtoseconds and shows a striking similarity to crystalline GeSb. Our data can be interpreted as an indication for an electronically induced amorphousto-crystalline phase transformation.
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